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EFFECT OF FLIGHT LOADS ON TURBOFAN ENGINE 


P E It FO R M A NC L D LT E I UO H AT IO N 

by E. G. Stakolich*, A. Jay 1 , E. S. Todd 1 , 

P. G. Kafka*, and J. L. White* 

National Aeronautics and Space Administration 
Lewis Research Center 
Cleveland, Ohio 44135 

ABSTRACT 

A significant percentage of high-bypass-rati j turbofan engine performance 
deterioration is caused by an increase in operating clearance between fan/ 
compressor and turb* to blades and their outer air seals. These increased 
clearances result from rubs induced by a combination of engine power tran- 
sients and aircraft flight loads. An aralytical technique for predicting the ef- 
fect of quasi-steady state aircraft flight loads on engine performance deteriora- 
tion has been developed and is presented. Thrust, aerodynamic and Inertia 
loads are considered. Analytical results arc shown and compared to actual 
engine test experience. 

INTRODUCTION 

The current and projected high cost of fuel for gas turbine engines placeE 
a premium on Incorporation of design features which increase the operating 
efficiency of aircraft propulsion systems. One such feature, universally 
recognized to be of major importance, is the maintenance of tight operating 
clearances between static and rotating components of flow-path seals. In 
practice, this is difficult to accomplish since the individual seal components 
and their supporting structures experience wide excursions in temperatures, 

‘NASA Lewis Research Center, Cleveland, Ohio. 

tPratt & Whitney Aircraft, East Hartford, Connecticut. 

I Boeing Commercial Airplane Co., Renton, Washington. 
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rotational speeds, and other loading* at different points in the flight cycle. 
These conditions give rise to relative deflections that can lead to contact, 
wear, and increased clearances between seal parts. Early gas turbine en- 
gines accounted for these time-varying loads and associated deflections as 
part of the standard design process, and attempts were made to tune rotor 
and case growths such that tight clearances would occur during steady-state 
operation without introducing damaging rubs during transient conditions such 
as takeoff and landing. In view of the ready availability of inexpensive fuel 
and other factors, designs which suffered a loss of a few percent in efficiency 
after a year or two in service were considered adequate at that time. 

Today's situation is quite different, as a consequence of two factors. 

First, fuel costs have more than doubled and are expected to continue to rise. 
Second, higher bypass ratio engines with their lightweight, flexible structures 
are more susceptible to structural deformations which can cause tight seal 
clearances to be increased by rubs. 

This paper describes progress that has been made toward development of 
a comprehensive analytical procedure for predicting the effects of flight loads 
on gas turbine performance deterioration The flight loads considered are 
steady-state aerodynamic, and steady-state inertia loads Including gyroscopic 
moments on the rotors resulting from aircraft pitch and yaw motions. Inter- 
nal engine loads due to thrust, thermal loads, and engine thrust reverse !oads 
produced during engine operation are also included in the procedure. 

The damage mechanism considered is wear of flow-path outer air seals 
due to interference of rotating (blade tip) and stationary (rub strip) seal com- 
ponents Wear behavior of inner air seals is more complex and has been 
omitted from the current model. Other mechanisms such as erosion ami con- 
tamination which decrease engine efficiency more gradually than seal rubs 
have also been excluded. At this point, the model assumes that the loads vary 
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slowly with time and are treated as static. Extension of the model to Include 
dynamic effects is in process. 

The analytical procedure (1) described above has been applied in detail by 
Pratt & Whilnev Aircraft (P&WA)to the JT9D-7 engine in the 747 airplane nacelle. 
Conditions which have been treated Include the production engine acceptance test, 
the airplane flight acceptance test, and an idealized representation of revenue 
service. Flight loads for the airplane acceptance test and revenue service 
simulations were provided by the Hoeing Commercial Airplane Company 'IK' AC). 

ANALYTICAL MODEL 

The basis for the model is the fact that engine performance is strongly 
dependent on gas-path seal clearances. In essence, the model provides a 
vehicle for predicting blade tip rub damage caused by structural deformations 
which occur during flight operation and relates the corresponding enlarged seal 
clearances to increases in engine thrust specific fuel consumption (TSFC). 

The model is used to compute the change in TSFC that results from the 
sequence of events which defines an engine flight profile or mission. A given 
flight profile is broken down into a number of short segments, called time 
points, for which airplane and engine operating conditions are known. Inter- 
nal and external flight loads that act at each time point give rise to structural 
deflections which may or may not exceed the local gap between static and ro- 
tating seal components. When an interference (rub) is found to occur, damage 
to Ixith blade tips and rub strips is calculated and added to the clearances 
available for succeeding time points. After all time points in a given flight 
profik have been considered, average clearance changes for all stages arc 
computed and combined with performance influence coefficients to produce 
ATSFC values for standard steady-state engine operating conditions such as 

(1) Jay, A. and Todd, E. S. , "Effect of Steady Flight Loads on JT9D-7 
Performance Deterioration," NASA CR-135 07, Aug. 1!)7S, pp. 9-15. 
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sea-level takeoff and cruise. The sequence of steps required to arrive at a 
solution are shown schematically in figure 1 and are discussed in more de- 
tail below. 

Might Profile Definition 

The starting point for all deterioration predictions due to flight loads is a 
description of the sequence of operating conditions or events which comprise 
an engine mission or flight profile. 

The flight profile is divided into a series of aircraft operating conditions 
(startup, taxi, takeoff, climb, cruise, descent approach, landing, and shut- 
down), characterized by combinations of aircraft and engine operating param- 
eters (gross weight, altitude, Mach number, rotor speeds, temperatures, 
pressures, and Hows). These parameters are then used in subsequent aerody- 
namic, thermodynamic, and structural analyses. Aerodynamic and inertial 
loads acting on the engine at these conditions have been developed by BCAC 
and are used as input to the analytical model. A description of how these 
loads were developed is found in reference 1. 

Attention has been primarily focused on the airplane acceptance test 
flight (rable 1) chiefly because the profile is well defined and reasonably con- 
trolled. Ground tests and fleet service which precede and follow the flight 
acceptance test, respectively, have also been included but in a less rigorous 
fashion. In the simulation of the 747 service experience, it was necessary to 
change the flight acceptance test profile to include only those maneuvers which 
are typical of a revenue flight. Airplane stall checks are not part of a 747 
revenue flight, so those time points were deleted. 

Since the maximum loads encountered during revenue service flights will 
ultimately exceed the loads experienced by the airplane during flight accep- 
tance testing, a method of accounting for maximum flight loads experienced 
as a function of flight cycles was necessary. Accordingly, BCAC provided 
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lond uxcecdance curves for aerodynamic cowl loads and gravitational loads for 
various numbers of flight cycles Load exceedance data for pitch and yaw 
rates was provided by P&WA. These exceedanec curves were then used as in- 
put to the NASTHAN analytical model to predict performance deterioration of 
the JTiil) engine in the 7-17 airplane. 

Axisymmetric Loads and Deflections 

Temperature, pressure, and centrifugal force fields play an important 
role in determining internal seal clearances. A convenient feature of this set 
of forces is the common assumption that circumferential variations in these 
fields are small and, for the purposes of deflection analysis, can be neglected. 
Another characteristic is that each field varies appreciably in response to 
changes in power level and requires a transient analysis for proper represen- 
tation. Specialized computational procedures have been developed to perform 
the secondary llow, heat transfer, and other analyses that define temperature, 
pressure, and rotor speed time histories for desired flight profiles. These 
loads are input to axisymmetric structural analysis programs which generate 
corresponding histories of relative deflections (gap closures) between static 
and rotating components of the gas-path seals (fig. 2- A). Combination of the 
axisymmetric closures with values for the initial build clearances (cold gaps, 
also assumed to be uniform) then provides the running clearances as functions 
of time. These clearances are called baseline clearances since they indicate 
the gaps available for accommodation of additional deflections due to external 
flight loads. 

Asymmetric Loads and Deflections 

The second set of structural deformations is related to loads which are not 
uniformly distributed with respect to the engine centerline. Generally, the set 
arises from external motions or restraints imposed by the flight environment 
and is composed of Inlet air loads, inertial loads (G and gyro), thrust, and 
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thrust reverse loads. Asymmetric cowl loads occur as pressure distributions 
around the inlet which is bolted to the engine (fig 3). The contribution of 
these loads to the performance deterioration problem presents a greater chal- 
lcnce than was the case for the previous group. The loads produce asymme- 
tric deflections (fig. 2-D) which may be decomposed into symmetric (fig. 2-C) 
and antisymmetric components (fig. 2-B) for ease of analysis. This aspect 
allows only a half finite element model of the JT1»l)-7 to be used with proper 
symmetric or antisymmetric boundary conditions applied at the symmetry 
plane (vertical plane through the engine centerline). These loads produce 
axial and circumferential variations in engine case deformations that differ 
significantly from patterns which can be predicted with the classical beam 
model approach. In order to allow for case ovallzation, local distortion 
around thrust pickups and mount points, and other shell-like effects, a more 
complex representation than the beam theory is required. While some suc- 
cess in dealing with ovallzation effects has been achieved with shcll-of- 
r evolution formulations, only the finite element method has been found to 
provide the modeling flexibility required to obtain accurate deflection solu- 
tions. The N AST KAN finite element model of a flight-dressed JThD-7 engine 
available from earlier studies (2) was adopted for description of asymmetric 
structural deflections . 

NASTKAN Structural Model 

The NASTKAN structural model wai jointly developed by P&YVA and BCAC 
and began with an identification of below-the-wlng propulsion system substruc- 
tures, which were provided by each party. Since primary emphasis in the 

(2) White, J. L. and Todd, E. S. , "Normal Modes Vibration Analysis of 


the JThD/747 Propulsion System, " J . Aircraft, vol. 15, no. 1, Jan. 1S>78, 
pp. 28-32. 
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study was on behavior of the engine, the wing was not included. 

Substructure interfaces were chosen where subassemblies were mech- 
anically Joined (l.e , mount points, flanges, etc ) Detailed finite-element 
models of the engine static structure (esses and bearing support frames), 
rotors, and thrust yoke were provided by PfcWA. Itotors were modeled as 
beams with discrete masses input directly. IK' AC provided the inlet, strut, 
and t ai leone models. 

Secondary structural components dan and core cowls, fan and turbine 
reversers, and stator assemblies), accessories, and plumbing were Included 
as discrete or distributed masses as appropriate to bring the mass proper- 
ties of the model to within 5 percent of the nctual hardware The final static 
model consisted of eight substructures with approximately 11,000 freedoms 
as shown in figure 4. 

Clearance Increases and Resulting ATSFC 

In order to reduce the labor and time required to manipulate the output 
data from the NASTRAN program to obtain ATSFC values for various flight 
profiles, a computer program was constructed to interface with the NASTRAN 
program. This program computes, for all engine stages, the clearance in- 
creases and performance deterioration which result from flight load-induced 
deflections calculated by the NASTRAN program. 

The process by which structural deflections are translated into blade-tip/ 
rub- strip damage (local interference) is schematically indicated in figure 5. 
As already seen (fig. 1), the procedure involves calculations for a sequence 
of time points selected from the given Right profile. For each time point, 
the effects of axisymmetric loads (baseline clearances), offset grinds, and 
rub damage from previous time points are first combined to establish the cir- 
cumferential variation of clearance that is available for accommodation of 
nonaxisymmetric structural deformations (fig. 5- A) Asymmetric rotor/case 
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deflections are then introduced (tin. 5-U), and when the relative closures ex- 
ceed the at-uilable gap, the extent of rub damage is recorded (fig 5-C). In 
general, the damage occurs in two forms: circumferentially uniform wear of 
the blade tips, anti local (crescent shape'’ machining of the rub strip. The 
trade-off between blade- tip/ rub- strip damage is dictated by the characteris- 
tics of the contacting materials and appears in the model through parameters 
called abradability factors (figs. 1 and 5). Values are assigned to these pa- 
rameters on the basis of experimentally determined volume wear ratios for 
each material pair involved. Then Increased clearances caused by shortened 
blades and the worn rub strip are, in turn, carried forward to appear as in- 
creased initial clearances for the next time point At the end of the cycle, 
the accumulated damage for each rub strip is circumferentially averaged and 
added to the accumulated blade-tip wear to provide the average clearance in- 
crease for each stage. 

The final step to be taken involves conversion of permanent clearance 
changes for the total cycle to increases in TSFC under standard performance 
conditions. This is accomplished by simply summing the contributions from 
each stage, or, 

A TSFC » X>* C ’ 

All stages (x - 1 through x - 21) 

where 

P performance influence coefficient for a stage 
C x average clearance change for the stage 

Influence coefficients which are unique to a paiticular engine model have 
been developed for the JT9D-7 engine. These coefficients relate blade-tip/ 
rub-strip average damage to performance loss (ATSFC). 
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RESULTS 

Predicted Rub Damage 

Results achieved by computer simulation of the JT9D-7/747 airplane accep 
lance test are shown In Table 5, for the outboard side of the simulated engine 
only. Predicted values of local damage occ.r primarily in the fan, low- 
pressure compressor, and high- and low-pressure turbines, with only mini- 
mal damage in the high-pressure compressor. Fan stage damage is primarily 
sidewise due to the effect of airplane pitch up or down which causes the rotors 
to move laterally (gyroscopic effect). Similar calculations were performed 
for 150, 1000, and 5000 Rights. 

Stage average damages for the various Right cycles, due to the quasi- 
steady flight loads, are shown in Table 3. These values are obtained by cir- 
cumferentially averaging the local values. The average damage is onearly 
converted to ATSFC using performance influence coefficients. Such analy- 
tically predicted values are shown at the bottom of Table 3 for static sea-level 
takeoff conditions. 

Short-Term Deterioration 

Short-term deterioration is that performance deterioration which occurs 
in an en^ Inc due to degi adation of tight clearances, as experienced early in 
the engine cyclic life. This life includes both the flight acceptance test and 
the early revenue service Right cycles. Early degradation, as previously 
mentioned, is believed to be due primarily to the effect of Right loads on 
blade-tip/rub-strip Interferences. 

A comparison of predicted circumferential average rub damages versus 
available data on average actual measured values for a service engine (3) is 

(3) Uouchard, R. J., Beverly, W. R., and Sallee, G. P., "Short-Term 
Performance Deterioration in JT9D-7A (SP) Engine 695743," NASA CR- 
135431, Sept. 1978. 
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shown in Tabic 4. In thin case, the predictions for 150 flights arc compared 
to actual values after 141 (lights. The comparison sho.vs good agreement for 
approximately 50 percent of the engine stages. For one stage - the fan stage - 
good agreement is shown in n comparison of measured and calculated clrcum- 
fcrcntinl values, as shown in figure 0. For the other stages, circumferential 
rub damage distributions do not compare satisfactorily. 

The N AST HAN predicted values of the change in static sea-level takeoff 
T8FC, after the first fllgnt and after 150 flights, are plotted in figure 7 against 
actual data on short-term deterioration. The excellent agreement of the data 
tends to confirm that short-term deterioration is primarily a function of load- 
induced changes in seal clearances. 

Long-Term Deterioration 

The analytically predicted changes in TSFC for 1, 150, 100, nnd :t000, 
flights (Table 3) are compared to a .tual 747 fleet experience in figure a. The 
predicted deterioration results based on quasi-steady flight loads only are lower 
than the fleet average values. The remaining TSFC deterioration is attributable 
to erosion, surface roughness, thermal distortions, nnd dynamic load effects 
not accounted for in the model. The significant trend observed, however, is 
that loads are a contributing factor to long-term deterioration as well as 
short-term deterioration. 

Effects of Various Load Types on Performance Deterioration 

Using the analytical procedure, the contribution of the various types of 
flight loads (thrust, aerodynamic, gravitational, and gyroscopic) to engine 
performance deterioration was explored Table 5 shows the results of this 
effort after the engine has undergone 150 (lights. 

The contribution of thrust to additional damage is zero. The explanation 
for this is that during the production acceptance test an engine is run to higher 
thrust levels than it would ordinarily encounter in the (light acceptance test or 
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service. Any damage occurring due to thrust alone occurs during the produc- 
tion acceptance test with no further damage in the f!'ght acceptance test or reve- 
nue service flights due to thrust only. During operation, thrust contributes to 
closure but there is enough available clearance (previous damage, baseline 
clearance, and offset grinds) to prevent additional damage due to thrust alone. 

Air loads contribute heavily to overall engine deterioration. In this 
case, for 150 flights, air loads account for approximately 00 percent of the 
overall "loads contribution" to deterioration. Gravitational (C) loadings 
effect only the two high-pressure turbine stages from a damage standpoint. 
These stages contribute to the overall deterioration of the engine by approxi- 
mately 7 percent of the ATSFC. Gyroscopic loadings primarily affect the 
fan stage of the engine from the standpoint of damage, because the fan is a 
massive overhung stage with large rotary inertia. In terms of deterioration, 
the effects of gyro loadings amount to approximately .‘J percent of the total 
ATSFC. 

CON CL US IONS 

An analytical procedure for assessing the effects of the flight loads on 
engine performance deterioration has been developed and applied to predict 
changes in TSFC for the JT9D-7/747 installation. Good correlation between 
predicted and observed values for ATSFC confirm the basic assumption that 
load-induced seal rubs have a predominant effect on short-term perform- 
ance deterioration. Results also indicate that such loads are contributors to 
long-term deterioi ation. 

The analytical procedure provides for the detailed description of loads 
and deflections as they vary with time for arbitrary flight profiles and there- 
by permits the effects of individual loads to be isolated for evaluation. For 
the 747/JT9D-7 propulsion system, studies of this kind Indicate that air 
loads (inlet lift) are the dominant factor; inertia loads (G and gyro) are of 
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secondary importance, and thrust loads do not alone contribute to perform* 
ance lor sea after the production engine acceptance teat. 

Uatiulncs* of the procedure aa a diagnostic tool for understanding the ma- 
jor cause of early performance deterioration (rub-induced clearance changes) 
has been demonstrates. This procedure is alao lieing used to study and com- 
pare concepts for minimizing engine performance deterioration. These con- 
cepts include: engine design features such as mounts, case stiffening, opti- 
mum bearing placement and active clearance control} and installation design 
features to relieve engine loads. 

Further refinement of the analytical procedure will be accomplished in 
the future by Incorporating the results of a dynamic loads analysis and a steady- 
state load test program on a JT9D flight engine using X-ray techniques along 
with laser proxln ity probes to measure stage clearances changes. 

NOMENCLATURE 

C x avera* i ’earance change for stage x 

G gr»' i»y, gravitational field 

HI' J high-pressure compressor 

HPT high-pressure turbine 

LPC low-pressure compressor 

LPT low-pressure turbine 

M. Mach number 

i performance influence coefficient for stage x 

SSL TO steady sea-level takeoff 

TSFC thrust specific fuel consumption 
V s airplane stall velocity 



1 . .lav, A. and Todd, E. S., 
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17,000 

5, 1H) 

.340 

112 

Early descent 
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0 

.271 

114 

Touchdown 

0 
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TABLE 4. - HUB DAMAGES - ANALYTICAL 
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Figure L - Flow chart for analytical model. 
















Figure 2. - Illustrative case deflections. 
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Figure 3. - JT9D-7 pressure loads. Flight test condition 101 imax takeoff). 
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Figure 4. - JT9D-7/747 propulsion system substructures and responsiblities. 
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Figure 5. - Schematic of blade-tip/rub-strip damage calculation. 
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Figure 6. - Fan rub patterns. Analytical/experimental correla- 
tion. 
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Figure 7. - Short term deterioration. 



FLEET DETERIORATION EXPERIENCE 

O PREDICTED DETERIORATION DUE TO FLIGHT LOADS 

OPERATOR 



CYCLES' 1000 


Figure 8. - Comparison of NASTRAN predicted deterioration with 
average Meet JT9D-7 engine experience. 
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